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Birds, Butterflies, and Plant Poisons: A Study in Ecological Chemistry
1

Lincoln Pierson Brower & Jane Van Zandt Brower

Laboratory of Ecological Genetics, Oxford University, and

Biology Laboratory, Amherst College, Amherst, Massachusetts 2

[This paper is a contribution from the William

Beebe Tropical Research Station of the New York
Zoological Society at Simla, Arima Valley, Trinidad,

West Indies. The Station was founded in 1950 by the

Zoological Society’s Department of Tropical Re-

search, under Dr. Beebe’s direction. It comprises 200

acres in the middle of the Northern Range, which

includes large stretches of government forest re-

serves. The altitude of the research area is 500 to

1,800 feet, with an annual rainfall of more than

100 inches.

[For further ecological details of meteorology and
biotic zones see “Introduction to the Ecology of the

Arima Valley, Trinidad, B.W.I.,” by William Beebe,

Zoologica, 1952, Vol. 37, No. 13, pp. 157-184],

I. Introduction

I
N 1862, Bates proposed the theory of mim-
icry which included the idea that certain

sexually mature insects are brightly colored

and behave conspicuously in order to advertise

to vertebrate predators the fact that they are un-

palatable. Wallace (1867a) extended this to in-

clude gaudily colored caterpillars and the ex-

periments of Weir (1869, 1870) and Butler

(1869) led to the establishment of the theory

of warning coloration (Wallace, 1869, 1870;
Darwin, 1871; Poulton, 1887). Slater (1877)
first suggested that the unpalatability of wam-
ingly colored insects is derived from their larval

foodplants, stating that “strikingly colored in-

sects, not otherwise specially protected, will be
found to feed upon poisonous plants or upon
such as, though not poisonous, possess un-
pleasant, or at least very powerful odours or

flavours” (p. 205). This was accepted by
Meldola (1877), and considered probable but
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not exclusive by Wallace (1889). Seven years

later, Hasse (1896) produced his monumental
study of mimicry in butterflies which, along with

the works already mentioned, firmly established

the hypotheses that (1) species of butterflies

differ in their palatability to vertebrate predators,

(2) the palatability is correlated with their tax-

onomic groupings, and (3) those groups which

are distasteful feed as larvae upon poisonous

plants.

According to the early findings, there are five

major groups of unpalatable butterflies. These

are (see also Table 1 ) : ( 1 ) the tribe Troidini of

the subfamily Papilioninae, known as the “phar-

macophagus” swallowtails which feed on Aris-

tolochia and related plants of the family Aristo-

lochiaceae (Asaraceae). Both the butterflies and
the plants are abundantly represented in the

New and Old World tropics (excluding Africa)

and a few of each extend into temperate regions.

(The geographic distribution of the butterflies is

based on Seitz, 1924, and that of the plants on
Good, 1947). Within the large family Nym-
phalidae there are four distasteful taxa. Two
closely related subfamilies, (2) the Ithomiinae

and (3) the Danainae, are both reputed to be

unpalatable. The Ithomiinae are almost exclu-

sively neotropical and feed mainly on the Sol-

anaceae. These plants have a distribution similar

to that of the Aristolochiaceae. The Danainae are

pantropical, but best developed in Africa and
the Indo-Australian region, and feed predom-
inantly upon Asclepiadaceae and the related

Apocyanaceae, both of which are pantropical,

with one genus, Asclepias, well developed in

North America. The remaining two subfamilies

of distasteful species are (4) the Acraeinae and

(5) the Heliconiinae. Both feed upon Passiflor-

aceae, another pantropical plant family, but the

Acraeinae have been reported from other plants

as well (Hasse, 1896; Fawcett, 1901, 1903;
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Wynter-Blyth, 1957). The heliconiines are ex-

clusively neotropical with a few species reaching

the subtropics, while the acraeines are found
predominantly in the Old World tropics.

The Pieridae were not studied in the experi-

ments presented in this paper, but it appears that

some are palatable or Batesian mimics, others

are unpalatable and serve either as models or

enter into Mullerian mimicry complexes, while

still others seem of intermediate acceptability.

Thus Wallace (1867b) believed the Indo-Aus-

tralian pierine genus Delias (Thyca) to be un-
palatable due to the coloration and conspicuous

behavior of the butterflies and because certain

of the species appear to be mimicked by other,

presumably palatable, pierines. Finn (1895,
1897a and b) experimentally demonstrated that

Delias eucharis Drury was unacceptable to a va-

riety of vertebrate predators. Similarly, the

African genus Mylothris is also unpalatable, as

Swynnerton (1919) established. The neotropical

genus Pereute, which is very closely allied to

Delias, (Klots, 1933), is probably also unpala-

table and the species may be Mullerian mimics
of some of the heliconiines, as Dixey (1894)
first suggested. Similarly, the fascinating South
American genus Archonias (Euterpe), now re-

vised to include the former genus Charonias,

(Klots, 1933), seems to enter a Mullerian com-
plex with both the Aristolochia swallowtails and
the “tiger-stripe” complex of yellow, black and
orange ithomiines, heliconiines and lycoreines.

One wonders if Bates’ classical Leptalis (Dis-

morphia) species upon which his theory of mim-
icry was based are also unpalatable, as Beddard
(1892) suggested. However, the fact that they

belong to the most primitive subfamily, Dis-

morphiinae, makes this unlikely for the reasons

discussed in Section III-D-5. Further indication

of the extreme variability in this family is seen

even within a single species: for example, the

larvae of Pieris brassicae Linnaeus appear un-

palatable, whereas the adults are relatively ac-

ceptable (Weismann, 1882; Pocock, 1911). On
these lines of evidence, and also on the basis of

the feeding experiments of Marshall (1902), Car-

penter (1921), Finn (1896) and Frazer &
Rothschild (1960), it seems best to state pro-

visionally that the Pieridae are intermediate be-

tween the five unpalatable groups enumerated
above and the palatable Papilionini, Satyrinae,

Nymphalinae and Lycaenidae.

Too little is known of the remaining groups

in Table 1 to make valid statements concerning

their relative acceptability. However, on the

basis of both coloration and behavior, it is

likely that the Parnassiinae are unpalatable,

while the Morphiinae and Libytheidae are pala-

table. Finally, it is well to remember that ex-

ceptions to this general picture will undoubtedly

be found. Thus, for example, the nymphaline

genus Adelpha and the riodinine genus Nym-
phidium have species which mimic each other

in the neotropics (Seitz, 1924) and yet both

belong to groups considered palatable. Another

peculiar nymphaline genus is Agrias. These

butterflies are among the most gaudily colored

members of the animal kingdom and possess

complex scent organs. Both of these facts argue

that they should be an unpalatable group in-

volved in Mullerian mimicry (L. Brower, 1963),

and yet their behavior, typical of cryptic species

(Seitz, 1924), supports the classical contention

that they are palatable.

While these considerations are no doubt gen-

erally correct, it must be emphasized that nearly

all the evidence has been obtained from anec-

dotal accounts or from experiments conducted

without adequate controls. As a result, it has

not been possible to make quantitative state-

ments regarding the comparative palatability of

the numerous species studied. Yet this is a situa-

tion greatly to be desired both to provide a solid

groundwork for biochemical investigation of

the unpalatability of insects in relation to the

plants which they eat, and to gain a basis for

understanding the evolutionary relationships

between the different groups of butterflies as

seen in mimicry.

It is towards these ends that the present paper

is aimed. In it we shall ( 1 ) describe the results

of an experiment which quantitatively demon-

strates that the groups of butterflies classically

held to be unpalatable are in fact so. Following

this there will be (2) a discussion of the evolu-

tion of unpalatability and the bearing of the

experimental findings on Batesian and Mullerian

mimicry. Then, (3) by a survey of the phyto-

chemical literature, we shall establish that the

groups of plants which are eaten by the larvae

of the unpalatable butterflies contain extremely

poisonous substances. Finally, we shall attempt

to support the thesis that (4) phytophagous in-

sects in the course of their evolution have de-

veloped the ability to incorporate poisonous and
repellent plant chemicals into their tissues with

the result that they are unpalatable to vertebrate

predators. The paper will not discuss how a mu-
tation allowing unpalatability to develop can be

of advantage to an individual organism prior

to its establishment in the population. This gen-

etical problem was originally considered by
Eltringham (1909), and Fisher (1958) sug-

gested a plausible solution which Huheey ( 1961

)

has recently elaborated.
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Table 1. Probable Relationships of the Families, Subfamilies and Some Tribes of the
Butterflies. Basic Scheme Modified from Ehrlich ( 1958 ) . See also References in Table 2.

* = Classical Unpalatable Groups.

PAPILIONIDAE

PIERIDAE

BARONIINAE
PARNASSIINAE Troldini*
PAPILIONIMAE Grophiini Popilionini

DISMORPHIINAE

PSEUDOPONTIINAE

COLIADINAE
PIERINAE

SATYRINAE

NYMPHALIDAE

ITHOMIINAE*

-MORPHINAE

-CHARAXINAE

-CALINAGINAE
-NYMPHALINAE-

-HELICONIINAE*

-ACRAEINAE*

-DANAINAE* '

Argynnlni

Vanesslni
Ergolini
elc.

Lycoreim*
Danami

*

• Funloeini*

LIBYTHEIDAE
UBYTHEIOAE

LYCAENIDAE
RIODININAE

•STYGINAE

LYCAENINAE
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III. The Experiment

(A). Materials and Methods

From October through December, 1962, six

Blue Jays, Cyanocitta cristata bromia Oberholser,

were trapped in mist nets at Amherst, Massa-

chusetts, and maintained in an aviary for sev-

eral weeks. They were then transported in a cage

to Trinidad, W. I., as hand luggage over a period

of 30 hours by air and car. The cage consisted

of six individual units 8 inches high by 6 inches

wide by 12 inches long, each with a wire screen-

ing front, a perch, and with food and water.

Upon arrival, the birds were placed in an out-

door aviary in individual experimental cages

similar to those at Amherst and described in de-

tail elsewhere (Brower, Brower & Collins, 1963).
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From January, 1963, until the experiments were

completed, the birds were fed a standard diet of

broiler chicken mash mixed with crushed yolks

of hard boiled eggs, fine-chopped liver, heart or

beef, crushed banana and a small amount of

water. This was supplemented by sunflower

seeds and paw-paw. A tube of water was kept

in each cage and the sand-covered floor was kept

clean by periodic sifting. The sex of the jays was

not determined.

The ten species of butterflies studied are listed

in Table 2, along with their known or suspected

larval foodplants. In order to eliminate the vari-

ables associated with the two sexes, which in-

clude the color-pattern, odor and scent organs,

only one sex was offered to the birds. The male

was chosen, since females are less easily obtained

in the wild. All the butterflies were caught in

various parts of Trinidad during the summer
of 1963, and only specimens in good condition

were offered to the birds. The species were in-

tact, except Lycorea ceres from which the scent-

disseminating hairpencils had been removed for

other purposes. As F. Muller (1878) originally

suggested for the lycoreine genus Ituna, it is

possible that these hairpencils are defensive as

well as sexual organs, because they are extruded

when the male is held. This is apparently also

true of the Euploeini (Varley, pers. comm.),
but is not true of Danaus (Brower & Cranston,

in press). Whether the hairpencils of Lycorea en-

hance its unpalatability is not yet known, and the

conclusions in this paper are made on the as-

sumption that they do not.

All species were killed by freezing, spread

horizontally, and stored in this position in glass-

ine envelopes (Ward’s Natural Science Estab-

lishment, Rochester, New York) for two days

to two weeks in a deep-freezer (see Brower,

Brower & Collins, 1963, for details of prepara-

tion) . The butterflies were thawed a few minutes

before use. This freezing technique greatly facil-

itates the experimental work, but one possible

drawback, as mentioned in our previous paper,

is that acetylcholine is inactivated. Fowler &
Lewis (1958) have shown that this is due to the

action of cholinesterase, which is released when
the tissue thaws. Acetylcholine is one of the

pharmacologically active substances frequently

associated with venoms, venomous tissues or

stinging organs in both plants and animals, and
probably enhances the effects of the poisons on
the victims or increases the responsiveness of

their tissues to the noxious substances (Frazer

& Rothschild, 1960; Bisset, Frazer, Rothschild

& Schachter, 1960) . Whether it plays any role in

the unpalatability of the butterflies studied is

not yet known, but the possibility should be kept

in mind.
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The experiment was conducted between 8

a.m. and 1 2 noon for ten days from August 6 to

15, 1963, inclusive. Food was removed from
the birds’ cages at 8 a.m. and after about two
hours of deprivation they were given the butter-

flies. In order to place the butterflies in each

bird cage without excessively disturbing the oc-

cupant, the tray floor was pulled out 12 inches

and they were placed dorsal side up on the

sand with 12-inch forceps. Because the move-
ments of the birds tended to disturb the arrange-

ment of the butterflies, a pinch of sand was
placed on the apices of the fore and hind wings

of each. This was done without obscuring their

color-patterns. Each tray was then pushed back

into position. After a two-hour period, the trays

were pulled out and the condition and position

of the ten butterflies were noted in detail. All

remains of wings and bodies and all intact in-

dividuals were removed and tabulated for scor-

ing purposes as in the earlier experiments (not

touched, pecked, killed or eaten, J. Brower,

1958a). To avoid confusion it should be em-
phasized that killed means that a bird mutilated

the frozen, dead butterfly to an extent that, had

it been alive, it would have died or been unable

to reproduce. A dish of fresh food was returned

to each cage immediately after the removal of

the butterflies at the end of a day’s experiment.

(B). Experimental Design

This experiment was designed to compare the

palatability of ten species of butterflies to six

birds as experimental predators. Five of these

butterflies were from groups reputed to be un-

palatable, whereas the other five were from

groups assumed to be edible. At 24-hour inter-

vals, each bird was presented with an array of

10 butterflies, one each of the 10 species, and

was allowed two hours to respond to them. This

was repeated for 10 consecutive days so that

each bird received a total of 100 butterflies. The
positions of the butterflies with respect to each

other were the same for all birds on any one day,

but were varied at random from day to day. This

was done as follows: the butterflies were placed

on the floor of each cage in three rows, one with

four individuals, and two with three. All butter-

flies were about one inch apart. Each species

was assigned a permanent number from 1 to 10.

Slips of paper with these numbers were drawn
at random. The butterfly represented by the first

number to be drawn was placed in the back row
on the left, the second in the same row to the

right of the first, and so on, until four had been

set out. Then three more were placed in a middle
row, and the remaining three in the front row,

the last being placed in the right-hand position.

In this way, a trapezoid of approximately equi-

distant butterflies was set out, with its base

towards the back of each cage.

A criterion for qualification of the predators

used in all of our mimicry experiments has been

that they must eat at least one of the insect spe-

cies offered. On this basis, one Blue Jay in this

experiment was disqualified because it failed to

eat any of the 10 species of butterflies (Table 3 )

.

It is important to emphasize that the birds

were caught as adults in North America and

shipped to the neotropics; this assured that they

could never have had prior experience with any

of the butterflies. Moreover, with the exception

of the satyrines, Euptychia spp.,and the danaine,

Danaus plexippus megalippe, all of the butter-

flies were of a radically different color-pattern

from anything the birds could have seen pre-

viously. This is an important difference between
this investigation and our earlier experimental

studies of mimicry where prior experience with

the insects was either indicated or at least a pos-

sibility. Another way of obtaining naive preda-

tors would have been to hand-rear native birds

under a carefully controlled food regimen. But

this is costly in time and effort, and was not fea-

sible. Moreover, hand-reared birds may become
juvenilized, that is, excessively dependent upon
the experimenter, the feeding apparatus, or even

the example of another bird, in getting food, and
thereby may require an abnormally long time to

learn to reject items found to be unpalatable

(Swynnerton, 1915, in Carpenter, 1942; Rand,
1942).

There are several other differences from the

earlier work. The butterflies were presented

simultaneously instead of sequentially, one at a

time. Previously, insects of only two appearances

were offered to the predators: that of the edible,

and that of the model and mimic. In this experi-

ment, the 10 species all differed from each other

in size, shape and color-pattern (see black and

white illustrations in Crane, 1954; colored illus-

trations in Seitz, 1924). Again in the earlier

work, the experimental and control predators

had only two possible differences of palatability

to cope with during the learning period; here,

there were ten possibilities. Instead of repeated

presentations of short duration (F/i— 2 min-

utes), the jays in this experiment were allowed

two hours to examine and respond to the butter-

flies. Finally, the total number of presentations

of each butterfly species was 10 in this experi-

ment, while in the earlier ones it was generally

more. The main consequence of these differ-

ences in design is that the birds in the present

experiment could not be expected to learn to

avoid the butterflies on sight alone. The number
of the three most unpalatable species which the



Table

3.

Reactions

of

6

Singly-caged

Blue

Jays

to

10

Species

of

Neotropical

Butterflies

(NT=not

touched;

P=pecked;

K=killed;

E=eaten)
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five birds avoided on sight alone (not touched)

was 22/150 (15%), whereas the number which

these same five killed was 65/150 (43%) (data

in Table 3) . These results can be compared with

those from an earlier experiment in Florida (J.

Brower, 1958b) in which three Scrub Jays,

Aphelocoma coerulescens coerulescens (Bose),

were offered the unpalatable Battus philenor

(Linnaeus) and one edible butterfly species. The
combined results for the first ten presentations

showed 14/30 (47%) of the B. philenor not

touched, and 10/30 (33%) killed. Another un-

palatable species, Danaus plexippus plexippus

(Linnaeus), tested in the same way with these

three birds plus one other, resulted in 11/40

(28%) not touched, and 9/40 (23%) killed.

In other words, the birds in the present experi-

ment killed far more than they rejected on sight,

while in the two experiments just described, as

well as in another one (Brower, Brower & Col-

lins, 1963), the reverse was true. It is therefore

clear that learning was substantial in the earlier

experiments, but negligible in the present one.

Here the birds apparently attacked most of the

butterflies each day and went on to eat only

those which were palatable. For this reason the

measure of palatability in this investigation will

be based on the number of butterflies not eaten

(= not touched, pecked or killed) vs. eaten.

(C). Results and Statistical Analysis

The reactions for all six birds are given in

Table 3 where the ten species of butterflies are

arranged in order of increasing acceptability

from left to right. For the reasons stated above.

Bird No. 1 is not included in the totals. Table 4

shows the individual and mean relative fre-

quencies and variances of the butterflies not

eaten by the five birds. The differences which are

apparent among the species in Table 4 are ana-

lyzed in Table 5. Dixon & Massey (1957) and

Snedecor (1946) were consulted for statistical

procedures and the .05 level of formal signifi-

cance was chosen. The analysis is similar to that

of our earlier study (Brower, Brower & Collins,

1963) with one refinement: the data were trans-

formed (see Dixon & Massey, pp. 182-183;

Snedecor, p. 449). This was done because the

data were tabulated in the form of proportions

(i.e., the frequency not eaten, p, vs. pecked,

killed, or eaten, q, in which p + q = 1). The
transformation results in a closer approxima-

tion of the individual frequencies to the normal
distribution, thereby making the variances in-

dependent of the proportions and so providing

a more accurate basis for carrying out the an-

alysis of variance. It would have been possible

to do the analysis on the actual numbers not

eaten because the number of butterflies given to
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Table 4. Relative Frequencies, Means, Variances and Transformed Variances* of

10 Species of Neotropical Butterflies Not Eaten by 5 Blue Jays

(Data from Table 3; for statistical analysis, see Table 5)

BUTTERFLIES

Bird No. Parides Danaus Ithomia

Heliconius

sara Lycorea Biblis Euptychia Agraulis A nartia Victorina

2 1.00 .90 .60 .50 .10 .30 .00 .00 .10 .20

3 1.00 1.00 .80 .40 .70 .10 .10 .00 .00 .00

4 1.00 1.00 .90 .90 .70 .20 .00 .20 .10 .10

5 1.00 1.00 .70 .40 .60 .10 .10 .30 .00 .00

6 1.00 1.00 1.00 .90 .00 .30 .40 .10 .30 .10

Means 1.00 .98 .80 .62 .42 .20 .12 .12 .10 .08

Variances

Transformed
.000 .003 .025 .068 .118 .010 .027 .017 .015 .007

Variances* .00 66.3 230.8

Unpalatable
282.5 671.3

Intermediate
54.0 265.3 231.3 200.0

Palatable
145.5

*See text.

the birds was the same for all species. However,

in a study of this kind, it is not always possible

to obtain the data exactly as planned; if one bird

had died on the ninth day, it would have neces-

sitated converting the data to proportions. Some
of the predators died or stopped eating in our

previous investigation (Brower, Brower & Col-

lins, 1963) and probably will in future ones.

Consequently, for consistency with our past and

anticipated work, as well as to facilitate direct

comparison, the analysis seemed best carried out

on the data in the form of proportions.

I. Relative Palatability of the Ten Species

An examination of Table 4 shows that Parides

was uniformly not eaten, while all the other spe-

cies were variably treated. Bartlett’s test for the

homogeneity of the 10 variances shows lack

thereof (P < .001, Table 5a). When Parides is

excluded, and the remaining nine are compared,
there is no significant difference in their vari-

ances as a group (.50 > P > .25, Table 5a). It

is thus necessary to consider Parides separately

from the rest of the species in the statistical

analysis.

The F test applied to the remaining nine spe-

cies indicates that the differences of their means
are highly significant (P < .001, Table 5b). The
components of variance analyses shown in this

table indicate that the differences result from the

butterflies being different (Column category)

rather than the birds differing among themselves
in their behavior towards the butterflies (Row
category, .25 > P > .10). In order to make
simultaneous comparisons between all the means
by pairs, the q statistic was used with 95% con-
fidence limits (Dixon & Massey, pp. 153-155).
This analysis is shown in Table 5c where “yes”
indicates that the paired means are significantly

different, and “no” that they are not.

As shown above, Parides is completely un-

palatable to the Blue Jays. Danaus and Ithomia

are only slightly less so. Heliconius sara and

Lycorea occupy an intermediate position be-

tween these species and the remaining five,

Biblis, Euptychia, Agraulis, Anartia and Victo-

rina. These latter five can be considered rela-

tively palatable. The differences between the

members of the unpalatable and palatable

groups are all significant, but the differences

within these two groups are not. The two inter-

mediate species do not differ significantly from

each other. However, Lycorea is more palatable

than Danaus, although not significantly less ac-

ceptable than the five palatable species. This

lack of significance results from the large vari-

ance in the treatment of Lycorea. Heliconius

sara is significantly more palatable than Danaus,

and significantly less palatable than four of the

five palatable species, i.e., all except Biblis. Thus
the breaks apparent in Table 4 are real, with the

first three species not eaten 80% or more of the

time, the last five eaten 80% or more of the

time, while Heliconius sara and Lycorea were

eaten about half the time. These results substan-

tiate the classical statements in the literature to a

remarkable extent.

2. The Species of Intermediate Palatability

Further examination of Table 4 indicates that

the two species which are of intermediate pala-

tability, Lycorea and Heliconius sara, have the

greatest variances. This resulted from the large

range in the frequencies not eaten by the five

individual birds. These were .70 to .00 for

Lycorea and .90 to .40 for Heliconius sara.

While Bartlett’s test has shown that the variances

of the nine species as a group do not differ sig-

nificantly, paired comparisons indicate that the

variance of Lycorea is significantly higher than
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Table 5. Statistical Analyses of the Data in Table 4*

a. Homogeneity of the variances (Bartlett’s test).

1. All the species:

F=3.23 d.f.=9/1375 PC.001

2. Nine species (excluding Parides neophilus ):

F=1.01 d.f.=8/1163 .50>P>.25

b. Variance analysis of the nine means, excluding Parides neophilus (F test).

Variance Sumof Degrees of Mean F
categories squares freedom square ratio P

Birds

(Rows) 1541 4 385 1.75 .25>P>.10
Butterflies

(Columns) 28635 8 3579 16.27 <.001
Butterflies X Birds

(Residual) 7046 32 220 — —
TOTALS 37222 44 - — —

c. 95% confidence limits of the nine means by pairs, excluding Parides neophilus (q test).

Victorina

A

nartia
Agraulis

Euptychia

Biblis

Lycorea

Heliconius

Ithomia

Danaus YES YES YES YES YES YES YES NO
Ithomia YES YES YES YES YES NO NO
Heliconius YES YES YES YES NO NO
Lycorea NO NO NO NO NO “YES” indicates that the means

Biblis NO NO NO NO are significantly different, “NO

Euptychia NO NO NO
Agraulis NO NO
Anartia NO

d. Variance analyses of the variances by pairs, excluding Parides neophilus (F test).

1. Lycorea ceres vs. Biblis hyperia:

F=12.43 11 .05>P>.025

2. Lycorea ceres vs. Danaus plexippus megalippe:

F=10.13 d.f.=4/4 .05>P>.025

3. Lycorea ceres vs. Victorina steneles:

F=4.61 d.f =4/4 .20>P>.10

4. All remaining paired comparisons:
Not significant by inspection.

*This analysis was performed on the data in Table 4 transformed according to the method of Snedecor, see text.

both that of Danaus in the unpalatable group
and Biblis in the palatable group (Table 5d).

Thus species that are either highly palatable or

very unpalatable were treated uniformly. In con-

trast, the species of intermediate palatability

were treated variably. The biological implica-

tions of this distinction are of great interest and
will be discussed below (Section III-D-4).

(D). Discussion

1. Palatability Differences among the Species

The results of the experiment indicate that the

ten species of butterflies fall into three groups

ranging from acceptable to completely unac-

ceptable to the five Blue Jays (Table 4). The
anticipated outcome was obtained for Parides

and Danaus, close relatives of which had already

been shown to be unpalatable to another species

of jay (J. Brower, 1958a, b). Ithomia was also

found to be unacceptable, confirming for one

species the classical prediction that members
of this subfamily would be distasteful. Heli-

conius sara, already demonstrated to be unpala-

table to Silverbeak Tanagers (Brower, Brower
& Collins, 1963), was also rejected more than

half of the time by the Blue Jays. The finding that
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Lycorea is intermediate was unexpected, be-

cause we anticipated that it would be closer to

Danaus than it proved to be. The remaining five

species were all relatively palatable to the Blue

Jays.

2. Phylogenetic Correlations

For the theoretical reasons discussed by

Brower, Brower & Collins ( 1963) (see also Sec-

tion III-D-5), it was predicted that palatability,

like morphology, would prove to be a more con-

servative taxonomic character in the Lepidop-

tera than color-pattern. On the basis of compara-

tive morphology, it has been maintained that

Agraulis vanillae is close to the nymphalid stock

from which the Heliconiinae are derived. Be-

cause of this, the palatability of A. vanillae v/as

predicted to be higher than that of the other

heliconiines studied and in fact was shown to be

(Brower, Brower & Collins, 1963) . This has now
been independently confirmed with Blue Jays

which ate A. vanillae to a greater extent than H.
sara. Similar confirmation of the accepted tax-

onomic scheme has been shown for Lycorea and
Danaus, which belong to two tribes of the

Danainae (Table 1 ) . Following the classification

of Forbes (1939), Lycorea is nearer to the an-

cestral nymphalid stock than Danaus, and the

finding that Lycorea is the more palatable sup-

ports this. Another related pair, Anartia and
Victorina, are in the tribe Vanessidi of the sub-

family Nymphalinae. Although radically differ-

ent in color-pattern, these two species are placed

in adjacent genera by Seitz (1924) and were re-

garded as very closely related by W. Muller

(1886) . The fact that both are highly acceptable

to the Blue Jays agrees with this. Finally, these

two species, together with Biblis, support the

hypothesis that the Nymphalinae in general are

palatable.

Table 6 summarizes the comparative palata-

bility of all the species which have been investi-

gated to date in controlled, quantitative experi-

ments. From this it can be seen that the present

study, along with the previous ones, confirms

the classical notions regarding the palatable and
unpalatable groups of butterflies. Moreover,

they establish that palatability is a valuable tax-

onomic character which ranks with morphology
in determining phylogenetic relationships.

3. Potential Batesian Mimics

The results obtained also bear upon possible

mimetic relationships between certain neotrop-

ical butterflies. On the basis of the finding that

Victorina s. steneles is highly palatable, it can
now be stated that it is a potential Batesian

mimic of the heliconiine species Philaethria dido

dido Clerck with which it is sympatric. Philae-

thria is bright green with black and brown mark-

ings. Victorina shares this color-pattern on the

upper surface of its wings but, like many
nymphalines, is cryptic on the undersurface.

Thus if Philaethria proves to be distasteful, Vic-

torina is a doubly protected species (Ford,

1955): by mimicry when flying, but by incon-

spicuousness when at rest.

In view of the fact that the nymphalines,

Biblis and Anartia, are both palatable, their

conspicuous coloration requires explanation be-

cause there are no known distasteful species

which they resemble in detail. The alternative

that their coloration functions solely as social re-

leasers is unlikely since Biblis is a monotypic

genus in Trinidad and apparently throughout its

range, and Anartia includes only one other spe-

cies in Trinidad besides A. amalthea, which is

said to occupy a separate habitat (Kaye, 1921;

Seitz, 1924). Biblis has a striking crimson bor-

der on the outer margin of black hindwings and

solid black forewings. The upper surface of both

sets of wings in Anartia bears a less discrete pat-

tern of blackish-brown borders, white spots and

single vertical red bands. The under surface of

Biblis is similar to the upper surface, whereas

that of Anartia is cryptic, being tan and mottled.

The coloration of Biblis, and Anartia to a lesser

extent, recalls in a general way that of the highly

unpalatable Mullerian mimics, Heliconius erato

hydara Hewitson and Heliconius melpomene eu-

ryades Riffarth. Both of these are velvet black

with crimson patches on the forewings. There

seems to be justification for the suggestion that

Biblis and Anartia may derive some advantage

from Batesian mimicry of these two Heliconius.

This is based on the finding (Brower, Brower &
Collins, 1963; J. Brower, 1963) that birds can

generalize from experience with an unpalatable

butterfly to reject on sight another which is

broadly similar in size and shape, but totally

unlike it in color-pattern. These two nymphal-

ines could profitably be used in experiments to

estimate the relative Batesian advantages of dif-

fering degrees of crude resemblance to a model

such as H. erato or H. melpomene.

4.

The Variable Treatment of Species of Inter-

mediate Palatability and Its Bearing on the

Dynamic Relationship of Batesian and Mul-
lerian Mimicry

From an evolutionary point of view, a very

interesting aspect of this study concerns the

species of intermediate palatability which were

treated in an extremely variable manner by the

birds. A similar situation occurred in the earlier

study (Brower, Brower & Collins, 1963), where

the variances in treatment of the three least un-

palatable heliconiines were seven or more times

greater than those of the four very unpalatable
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species. This same tendency was also evident in

another investigation where Scrub Jays freely

ate Papilio glaucus Linnaeus, uniformly rejected

Danaus plexippus (Linnaeus), and treated Lim-

enitis archippus archippus (Cramer) variably,

but as a group ate about half of them (J. Brower,

1958a). Since this appears to be a general phe-

nomenon, it must be discussed further. Let us first

investigate the possible reasons for the variable

treatment and then consider its bearing on

Batesian and Mullerian mimicry.

There are at least four explanations. First,

individual butterflies could differ in their palat-

ability through genetic polymorphism or con-

tinuous variation. There is no evidence for or

against such genetically controlled differences

but there are theoretical grounds for supposing

that the scent of some species is polymorphic

(Rothschild, 1961; Ford, 1964). F. Muller

(1878) has noted a dimorphism of odor in the

males of Battus polydamus (Linnaeus) and in-

sofar as taste is partially dependent upon scent,

dimorphism in flavor might also result. However,
Muller’s finding and palatability differences in

general could also be explained (2) by environ-

mentally determined differences among the in-

dividual butterflies, depending, for example, on
the species of foodplant which their larvae had
ingested in nature. There are several species of

Passiflora available for the heliconiines in Trini-

dad (Alexander, 1961), and it is probable that

Lycorea feeds upon more than one of the numer-
ous Asclepiadaceae plants listed by Williams &
Cheesman (1947). (We have observed it ovi-

positing and have reared several larvae to the

adult stage on Gonolobus broadwayi Schltr.,

although several others given Asclepias curas-

savica Linnaeus under identical experimental

conditions all died, L. Brower, unpub. data)

.

There is also the possibility that the birds

differed in their taste sensitivity for either (3)

genetic, or (4) environmental reasons. There is

some critical evidence available that animals

respond variably in their feeding preferences

under experimental conditions. Kare & Ficken

(1963) have shown that two-month-old domes-
tic chickens exhibit marked differences in taste

thresholds for various salt solutions, although

importantly, irrespective of sex. They also dis-

cussed selective breeding experiments with

chickens which indicated that the variation is

under polygenic control. This seems true for

saccharin preference in the rat as well (Nach-
man, 1959). Other experiments have shown
variability, but have not determined whether it

was genetically or environmentally controlled.

Thus J. Brower (1960) found that some Star-

lings, Sturnus vulgaris Linnaeus, rejected food

treated with a particular concentration of quin-

ine dihydrochloride, while others accepted it.

Similarly, some toads, Bufo terrestris (Bonna-

terre)
,

freely ate stinging honeybees while others

quickly learned to reject them (Brower &
Brower, 1962). Other instances of differences

in individual behavior towards identical food

or flavored water solutions have been reported

by Kare (1961) for the domestic chicken and

game pheasant, by Kitchell (1961) for domestic

pigeons, and by Duncan (1960a) for the feral

pigeon. The latter author also found that certain

pigeons are “taste-blind” to solutions which are

normally repellent to other individuals (Dun-

can, 1960b; 1961). It is also clear that external

and internal environmental differences can affect

individuals’ food preferences. Aside from the

established fact that the rejection threshold for

various noxious substances drops as the hunger

of the animal increases, it is known that taste

thresholds in both mammals and frogs vary with

the temperature of the food as well as with at-

mospheric pressure (Moncrieff, 1951; Sato,

1963). Moreover, as Pfaffman (1963) has

shown for rats, sensitivity towards food sub-

stances can be manipulated by what they are

fed as well as by upsetting their hormone bal-

ance. Duncan (1960a, and b) also stated that

hand-reared, naive, and wild-captured feral

pigeons exhibit different taste preferences.

In the present study, it seems unlikely that

the Blue Jays’ taste thresholds varied for environ-

mental reasons, because they were all maintained

under comparable feeding and experimental

conditions. Until further research is done, it does

not seem possible to differentiate between the

four alternatives. However, it is important to

settle this matter because it may be the key to

solving the problem of why certain presumably

Mullerian species are polymorphic when theory

predicts that they should be monomorphic so

as to reduce the number of color-patterns that

have to be remembered by the predators (Ford,

1964; Sheppard, 1963). Species of intermediate

palatability may be so close to the threshold of

being acceptable that under certain circum-

stances (e.g., the dry season, or other periods

when alternative prey are less available) they

may be taken, while at other times when food

is more abundant they may be rejected. Conse-

quently, they could alternate between being

Batesian and Mullerian mimics, and if the

former situation on the average prevailed, poly-

morphism would thereby be selectively advan-

tageous.

5. Speculations on the Evolution of

TJnpalat ability

Discussions of protective devices in animals
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generally assume that they are products of spe-

cialization. Thus palatability is considered primi-

tive and unpalatability specialized. It seems

certain that this mode of defense has arisen

independently several times in the butterflies, as

is indeed suggested by perusal of Table 1. More-

over, it is probably still developing in certain

lines, as Wallace (1889) suggested when dis-

cussing the Pieridae.

In this regard, the findings for Lycorea are of

particular interest. This species is one of many
belonging to the tiger-stripe complex in the

neotropics which includes members of three

groups, the Lycoreini, the Ithomiinae and the

Heliconiinae (Kaye, 1906). It has always been

maintained that these are all unpalatable and
comprise a Mullerian relationship. This is sup-

ported by our findings, but we expected Lycorea
to be as unpalatable as the others in these groups,

which it is not. It is thus possible that the Lyco-
reini, the most primitive tribe of the Danainae
(Forbes, 1939), are still in the process of evolv-

ing unpalatability and their mimicry of the other

tiger groups is neither Batesian nor Mullerian

but somewhere between these extremes.

On the other hand, it seems possible that

Lycorea may represent an instance of the re-

gression from unpalatability back towards palat-

ability. The evolution of unpalatability must re-

quire complex readjustments in the physiology

of a species so that the noxious chemical sub-

stances can be accommodated without poisoning

the animal’s own system, as discussed below

(Section IV-D). Furthermore, even after the

mechanisms have evolved, it is likely that they

are to a certain extent detrimental to their pos-

sessors. Consequently, large selective forces fav-

oring unpalatability must be required not only

for its evolution, but also for its maintenance.

Therefore if the advantage of unpalatability

should lessen for any reason, it is possible that

the genes controlling its development will be re-

placed by those which no longer produce it. This

may have occurred for Lycorea as a consequence

of the great number of unpalatable ithomiines

and heliconiines which share its color-pattern.

In this situation a species such as Lycorea could

lose its unpalatability but retain the protective

advantage of mimicry, particularly if it were

rare. In other words, if the environment becomes
saturated with many similarly colored, unpalat-

able species, the balance of advantage for

unpalatability could be decreased to the extent

that selection would favor a reversal from a

Mullerian towards a Batesian status.

One way to test these alternatives is to study

the species of the genus I tuna which are closely

related to Lycorea, but are not involved in the

tiger mimicry complex, and the species of the

genus Clothilda which are close to the nymphalid

stem from which the other two genera have

evolved. If Lycorea is more palatable than its

close relatives but more unpalatable than the

ancestral group, then regressive evolution is sug-

gested. If they are about equally unpalatable and

both less palatable than the ancestral group, then

unpalatability is probably still in the process of

evolution.

More generally, whereas regression of unpal-

atability may occur this way in certain of the

exceptional Mullerian mimicry complexes, it

probably occurs rarely in nature because of con-

tinual predation pressure. This is in fact sup-

ported by our findings that the unpalatability of

species generally corroborates morphologically-

based speculations on phylogeny. The theoretical

interest of these possibilities associated with spe-

cies of intermediate palatability emphasizes the

dynamic relationship of Batesian and Mullerian

mimicry and makes further research greatly to

be desired.

IV. The Evolution of Plant Poisons and

Their Biochemical Fate when Ingested

(A). The General Problem

Within ecological communities, there are

three important ways in which the non-nutrient

chemicals produced by plants may affect the

animals. First, there is a large body of indirect

evidence that many of these compounds have

evolved as repellents to phytophagous insects

and probably to other herbivorous invertebrates.

Moreover, some of these repellents in the course

of evolution appear to have been exploited sec-

ondarily as signal attractants and so operate in

the physiological regulation of foodplant speci-

ficity (Dethier, 1954; L. Brower, 1958; Fraenkel,

1959; D. A. Jones, 1962).

Secondly, numerous plant components are

known which are toxic or repulsive to herbivor-

ous vertebrates. While there is a vast literature

on the pharmacology, toxicology and medicinal

effects of these chemicals on man and other

mammals, there is little more than cursory dis-

cussion of the theory that (2) poisonous plant

products have evolved as chemical repellents in

response to the selection pressures exerted by

all herbivorous vertebrates. Thus, the excellent

discussion by Gundersen & Hastings (1944) on

interdependence in plant and animal evolution

did not develop the idea of this chemical rela-

tionship and this is true of the literature that we

have examined in both general and specific fields
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of plant and animal ecology, evolution, psy-

chology, physiology and pharmacology 3
.

The third interaction involves three links in

the foodchain— plants, herbivores and predators

—rather than just plants and herbivores as in the

first two interactions. The question is (3) have

herbivorous vertebrates and invertebrates in the

course of their evolution developed the ability to

incorporate the poisonous and repellent plant

chemicals, which have evolved as herbivore de-

terrents, and in turn use them to deter their

own predators? The recent paper by Rothschild

(1964) has come the closest to presenting this

idea, but as far as we can determine, it has never

been completely formulated in the literature; its

proof will establish a new principle of biology.

The remainder of this paper will attempt to

elucidate various aspects of this third interaction,

as exemplified by some phytophagous insects.

(B) . Evidence that the Larval Foodplants of Un-
palatable Butterflies Contain Poisons

Before we consider the mechanisms by which
insects might utilize the secondary plant sub-

stances as part of their own defense against

vertebrate predators, the literature will be re-

viewed to show that the larval foodplants of the

five unpalatable groups of butterflies contain

poisonous substances. These belong, as do many
non-poisonous components, to a large class of

compounds known as glycosides (Allport, 1943;

Mcllroy, 1951; Robinson, 1963). Glycosides

consist of two major conjugates which, when
hydrolyzed, break down to a sugar and an agly-

cone. In those that are poisonous, the aglycone

may have quite different toxic effects from the

glycoside itself. As will be seen below, the poi-

sonous glycosides found in the foodplants of the

unpalatable butterflies fall into four main cate-

gories: (1) cyanogenic glycosides, which on
hydrolysis yield a cyanide-containing aglycone

which in turn breaks down to form HCN; (2)
cardiac glycosides (cardenolides)

, in which the

aglycone (specifically called a genin) is a steroid

that lacks nitrogen; (3) saponins, another special

class of glycosides in which the aglycone is either

a triterpenoid alcohol or a spiroketal steroid;

(4) alkaloids, a heterogeneous group of usually

basic compounds often occurring as glycosides

in which the aglycone is a nitrogen-containing

steroid.

Evidence that these poisonous substances oc-

cur in species from the various families to be dis-

cussed is based on a variety of source material

investigations of the physiological and psychological
functions of the sense of taste in vertebrates could bene-
fit greatly by being more cognizant of this ecological
interaction with the plants (see Richter 1957; Teitel-

baum & Epstein, 1963).

ranging from crude chemical tests in the field

and information collected by naturalists on the

uses of plants by local natives, to highly critical

analyses carried out in modern laboratories. It

is well to remember that the original discovery

of medicinally valuable plants has depended

principally upon their producing extreme physio-

logical effects. Thus while repulsive, sickening

or poisonous if eaten in quantity or without spe-

cial preparation, when administered in suffi-

ciently dilute concentration, they are either use-

ful or at least produce pseudo-medicinal results.

The poisonous properties of these plant sub-

stances are based largely upon their effects on
mammals, and proof that they provide the chem-
ical source of unpalatability in the insects awaits

further investigation.

The Aristolochiaceae

According to Willaman & Schubert (1961),

plants in this family contain at least ten different

alkaloids, one of which, aristolochine, is said to

cause cardiac and respiratory paralysis in mice

as well as frogs (Henry, 1949). Aristolochia

rumicifolia Mart. & Zucc. is used to make a cu-

rare arrow poison in South America (Henry,

1949). In India, members of the family are said

to be nauseous and abortifacient (they are com-
monly called the birthworfs), and are also used

as insecticides (Chopra & Chopra, 1955). In

Africa, the roots of one species, Aristolochia

albida Duchartre, are made into a weak, cold in-

fusion and taken as a tonic, while the leaf is used

for treatment of skin diseases and mixed with

other components and drunk (Dalziel, 1937)

.

The Solanaceae

Even though plants of this family provide edi-

ble vegetables (potatoes, tomatoes and eggplant),

they are generally narcotic and poisonous be-

cause of their contained alkaloids. These include

the well-known and pharmaceutically important

parasympathetic depressants from Atropa bella-

donna Linnaeus, as well as soladine and solanine

from Solanum, and nicotine from Nicotiana

(Allport, 1943; Chopra & Chopra, 1955; Willa-

man & Schubert, 1961). The poisonous proper-

ties of solanine were studied by Kline, von Elbe,

Dahle & Kupchan (1961) who found that preg-

nant rats which had eaten sprouts of potato

tubers gave birth to dead young or those which
died in less than three days. The same effects

were obtained when pure solanine was added to

their diet, and it was concluded that the sprouts

contained this alkaloid. Watt & Breyer-Brandwijk

(1932) described the clinical effects of solanine

which include vomiting, headache, diarrhea and
colic, followed by depression. It is possible that

the leaves of some species are edible, as Grise-

bach (1864) mentioned that Solanum nodiflorum
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is eaten as a spinach, although Willaman & Schu-

bert (1961) indicated that the fruits of this spe-

cies contain solasodine. The fact that plants can

be eaten as spinach may well result from the fact

that the poisons in the leaves are extracted in the

cooking water.

The Asclepiadaceae

These plants and their near relatives, the

Apocyanaceae, are renowned for their numerous
highly toxic cardiac glycosides (Abisch & Reich-

stein, 1962; Paris, 1963). Tschesche, Forstmann
& Rao (1958) have isolated and partially iden-

tified seven different genins from Asclepias

curassavica. This plant is native to tropical

America, and in Trinidad we have reared several

hundred larvae of Danaus p. megalippe and D.
gilippus xanthippus Felder to the adult stage on
it. According to Tschesche et al., the usual ex-

tract from this plant is made from dried leaves

and young parts of the stems, i.e., precisely the

parts which the larvae eat. Used in an infusion

for pharmacological purposes, this acts as an

excitant, an expectorant and a regulator of blood

pressure, while the root extract is used as an

emetic and a purgative. The Asclepias species in

addition contain alkaloids as well as saponins

(Henry, 1949; Chopra & Chopra, 1955). Whereas
cardiac glycosides and their genins act, respec-

tively, by affecting the heartbeat, and by causing

convulsions, the general action of saponins is to

irritate mucous membranes and to haemolyse

red blood corpuscles when injected into higher

animals. They act as highly toxic environmental

poisons to fish (Mcllroy, 1951). The aglycones

of steroid saponins are also convulsants. Evi-

dence of these toxic effects was given by Chopra
& Chopra ( 1955) who stated that A. curassavica

is used in India as a fish poison, an emetic and
a cathartic. In Africa, Irvine (1961) noted that

this species contains an active principle which
causes death in large doses and is almost cer-

tainly poisonous to cattle.

Moreover, nicotine, a solanaceous alkaloid

also found in Asclepias species, has an action on
nerve ganglia resembling that of acetylcholine in

producing a strong initial stimulation of the re-

ceptor, but differing in that the resultant depolar-

ization is greatly protracted. Thus a temporary

paralysis ensues (Cutting, 1962). Nicotine has

therefore proved useful in the capture of wild

animals. It is of interest in this context that in

West Africa, Gilges (1955) reported that the

natives in Balovale sprinkle the roots of Ascle-

pias lineolata (Schltr.) among grain in order to

catch birds, which become unconscious after

eating them. On the other hand, Dalziel (1937)
stated that the roots of the same species are used

in an infusion to treat gastro-intestinal ailments.

This finding again emphasizes that although the

plants are poisonous, they may be used medici-

nally if prepared and administered in sufficiently

low concentrations. In addition, the young
leaves, pods and shoots, as well as the tubers of

some species of North American Asclepias, ap-

pear to be edible (Sturtevant, 1919; Watt &
Breyer-Brandwijk, 1932). But as above, this is

probably because the poisons are extracted in

the cooking water. Another genus, Calotropis,

is used to cause abortion, in homicide and sui-

cide, and its “milk” is a drastic purgative (Chopra

& Chopra, 1955). Tschesche, Snatzke & Grim-
mer ( 1959) have established that the genin from
Calotropis procera known as calotropagenin is

identical to asclepogenin from A. curassavica.

One of the best known members of the apo-

cyanid group is the genus Rauwolfia which con-

tains numerous poisonous alkaloids, including

the tranquilizing drug, reserpine (Woodson,
Youngken, Schlittler & Schneider, 1957; Irvine,

1961; Willaman & Schubert, 1961). Another

apocyanid, Nerium indicum Mill., is used for

suicide and abortion. In addition, Nerium ole-

ander Linnaeus contains the glucosides neriin

and oleandrin and is fatal to horses and cattle

and to man even from meat skewered with the

wood (Watt & Breyer-Brandwijk, 1932). Irvine

(1961) has noted that many Adenium spp. are

used in Africa to poison jackals and hyenas by

baiting them to meat filled with a concoction of

the plants. They are also used in arrow poison

and to kill fish. These varied uses suggest the

action of more than one type of poison, probably

the cardiac glycosides in the baiting of mammals,
and saponins for fish and poison arrows.

The Passifloraceae

These plants have been cited as non-poisonous

by Poulton (1916), Sevastopulo (1952), and

Brower, Brower & Collins (1963). Moreover,

Henry (1949) did not include them in his book
on alkaloids, nor did Muenscher (1939) in his

book on poisonous plants. Passiflora foetida

Linnaeus has edible fruit as do 16 other species

of Passiflora, according to Sturtevant (1919).

In fact, the leaves of P. foetida and its fruit when
green contain cyanogenic glycosides as well as

alkaloids and may be dangerous to stock (Dal-

ziel, 1937; Arthur, 1954). Willaman & Schubert

(1961) have in addition listed the alkaloid passi-

fiorine from seven species, and Chopra & Chopra

(1955) noted that this family produces hydro-

cyanic acid. Two species, Adenia palmata Engl,

and A. digitata Burtt Davy, have poisonous roots

and fruits due to the presence of a cyanogenic

glycoside and the toxoalbumin, modeccin, (Watt

& Breyer-Brandwijk, 1932). Another species,

Adenia lobata (Jacq.) Engl., is said to be used
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in arrow poison (Irvine, 1961). Thus the state-

ments that the Passifioraceae are harmless were

incorrect and the fact that the fruits are in some
cases edible recalls the potato tuber which, too,

is an unpoisonous part of an otherwise deadly

plant.

From this survey, it can now be considered

established that many poisonous chemicals oc-

cur in the plant families fed upon by the five

major taxa of unpalatable butterflies. However,
just as parts of these plants are sometimes edible,

it is well to remember that most other plant fam-

ilies contain species, parts of which at some stage

in their development contain poisonous sub-

stances (Willaman & Schubert, 1961). This in-

cludes some of the families fed upon by the

palatable species investigated in this paper. The
cited foodplant of Biblis, Tragia volubilis Lin-

naeus, is in the Euphorbiaceae and was consid-

ered by Grisebach (1864) to have an acrid and
poisonous milky juice. The leaves of other spe-

cies apparently produce hydrogen cyanide and

according to Arthur (1954) may contain alka-

loids. However, Webb (1955) studied 22 spe-

cies from New Guinea in which no alkaloids

were present and stated that plants of this family

are certainly of negligible alkaloid interest. Many
genera have multiple medicinal uses, and only

the latex is stressed as a dangerous poison, while

fruits and leaves are often eaten by antelopes and
other animals (Irvine, 1961 ) . Similarly palatable

is the widely eaten rhizome, cassava, which
comes from another member of this family,

Manihot esculenta Crantz., although the fresh

tubers are said to be extremely poisonous, and

cassava has to be specially prepared before it is

safe to eat (Chopra & Chopra, 1955)

.

Some of the plants belonging to the Acantha-

ceae, which contains the species eaten by Victor-

ina and Anartia, are said to produce bitter or

aromatic drugs (Grisebach, 1864) and others

contain alkaloids (Arthur, 1954), while still

others are also used medicinally (Irvine, 1961).

On the other hand, the leaves of three genera are

eaten as spinach and are not considered poison-

ous (Irvine, 1961). Furthermore, the Graminae,
the foodplants of Euptychia spp., are generally

edible to herbivores, but Chopra & Chopra (1955)

have noted that some species of grass develop

large quantities of hydrocyanic acid during dry

periods.

It thus appears from this survey that the plant

families of the palatable butterflies are not dis-

tinguished for poisonous properties, although

exceptions exist, whereas among the foodplants

of unpalatable butterflies, the reverse is true,

most being poisonous. Clearly, more critical evi-

dence is needed, and while these generalizations

about plant families are valuable, quantitative

and qualitative analyses of the particular species

of plant fed upon by the insects must be made.

Furthermore, the actual parts of the plants eaten

must be analyzed, and these should be taken

from the plants at a time which corresponds to

the natural feeding period of the insects. For as

Fliick (1963) has pointed out, secondary sub-

stances may be synthesized in one part of a plant

but concentrated in another, and variation in the

amounts of the chemicals in any one tissue oc-

curs seasonally, daily, and according to the phys-

iological state of the plant.

(C). Utilization of the Plant Poisons

There are several ways in which ingested

poisonous plant substances might be utilized as

predator deterrents. Let us consider these for

the phytophagous insects in order of increasing

complexity. Defense could result simply by ( 1

)

the accumulation of the plant chemicals in the

gut. This idea was first tested by Eltringham

(1909, 1910) who found that larvae of the

moth Odontopera ( = Gonodontis ) bidentata

Clerck were extremely distasteful to lizards,

Lacerta viridis, when fed ivy, but when subse-

quently given apple for a period of time, became

palatable. Recently Eisner, Kafatos & Linsley

(1962) have extended this to a fourth link in the

foodchain by suggesting that cerambycid beetles

of the genus Elytroleptus may become tempor-

arily unpalatable by eating lycid beetles, Lycus

spp., which themselves are distasteful. This

mechanism could suffice for insects which con-

tinue throughout their lives to eat poisonous

foods, but it would not account for the unpala-

tability of those such as adult Lepidoptera, which

undergo a radical change in food habits after

metamorphosis, either shifting to nectar or ceas-

ing to eat altogether.

Consequently, an alternative mechanism is re-

quired which could be (2) the assimilation and

storage of poisonous molecules generally

throughout the blood or other body tissues.

Meldola (1877) first suggested this and it is still

held possible by modern workers (Eisner,

Kafatos & Linsley, 1962). The first support came
from the work of F. M. Jones (1937). Using

three species of Asclepias-e ating beetles, Tetra-

opes tetraophthalmus Frst. (Cerambycidae)

,

and Chrysochus auratus Fabr., and Labidomera
clivicollis Kby. (Chrysomelidae)

,
he found that

individuals which had recently been fed the

plant and those which had been starved for five

days to clear the gut were rejected by both

birds and ants, even though these predators ate

control food items. A more direct line of evi-

dence was produced by D. A. Jones, Parsons &
Rothschild (1962) who showed that the tissues
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in all stages of two species of zygaenid moths
produce hydrocyanic acid when crushed, and

a precursor of this poison, a cyanogenic gluco-

side, is also present in their foodplants. However,

this example is complicated by the fact that the

same insects produce HCNwhen fed upon an

acyanogenic strain of the same plant, as will be

discussed in Section IV-E.

The most specialized mechanism could be (3)

the assimilation, concentration and storage oj

the poisonous molecules in glands. Roth &
Eisner (1962) agree with the probable existence

of this mechanism, but there are in fact no cer-

tain demonstrations of it. The most likely ex-

ample comes from the work of Waterhouse,

Forss & Hackman (1961) who have shown that

a coreid stink-bug, Amorbus rubiginosus Guer.,

produces 2-hexenal, an aldehyde identical or

chemically similar to that found in several plant

species including Eucalyptus upon which they

feed. It is almost certainly defensive since it is

effective in repelling ants in the laboratory, and
related but unidentified pentatomid and coreid

bugs deter ants, amphibia, birds and mice. The
cockroach, Eurycotis floridana (Walker), also

produces 2-hexenal (Roth, Niegisch & Stahl,

1956), as do two other phytophagous bugs,

Brochymena quadripustulata (Fabr.) and Acan-
thocephala femorata (Fabr.) (Blum, Crain &
Chidester, 1961; Blum, 1961). However, once

again the evidence that they concentrate the

aldehyde from their food is only correlative.

Another possible case was discussed by Pavan

(1959). He proposed a biochemical scheme by

which salicyl aldehyde from the dorsal gland of

the beetle larva, Melasoma populi Linnaeus,

might be constructed from components present

in its foodplant, willow (Salicaceae).

Less direct evidence that the insects utilize

the plant substances also exists. Two highly per-

tinent studies on Asclepias-ieeding grasshoppers

have been made. Steyn (1962) reported detailed

observations on the death of a four-year-old

Bantu child within 12 hours after she had eaten

a single adult Phymateus leprosus Fabr. Symp-
toms included extreme vomiting and salivation,

followed by respiratory and cardiac failure. In

subsequent experiments with adult rabbits, he

found that 90 grams of freshly minced grass-

hoppers suspended in water and fed by stomach

tube also caused respiratory and cardiac deter-

ioration and death. In nature this species is

known to feed on Asclepias fruticosa and Ner-

ium oleander. More recently Parsons ( 1963, and
personal communication) has reported that the

secretion of one individual of Poekilocerus buf-

onius Klug is sufficient to kill several cats when
injected intravenously. The poison, which he is

investigating (Rothschild & Parsons, 1962), ap-

pears to be digitalis-like in its action and may
be a cardiac glycoside similar to that found in

its foodplant, Asclepias curassavica.

An additional line of indirect evidence has

been cited by McCann (1953) who described

an Indian grasshopper, Aularches miliaris

(Linnaeus), which as nymphs eat the pungent

Heterophragma roxburghi A. de C. (Bignoni-

aceae) and emit an odor similar to that of the

leaves. As adults, they change their feeding

habits and eat the highly poisonous and acrid

leaves of Gloriosa superba Linnaeus (Liliaceae)

,

and now emit a fluid with a corresponding odor.

Finally, the correlation between the unpala-

table butterflies and their poisonous foodplants

has two remarkable parallels in the Hemiptera of

the NewWorld. The lygaeid bugs, Onchopeltus

fasciatus (Dallas) and Lygaeus kalmii Stal., feed

upon Asclepias and are highly distasteful to

lizards, Scrub lays and ants (F. M. Jones, 1932;

Parsons, 1940; J. Brower, unpub. data). In

Trinidad two warningly colored and gregarious

coreids, Leptoglossus ( Diactor ) bilineatus Fabr.

and Anisoceles (Hymeniphera) hymeniphera

Westwood, live upon Passiflora serrato-digitata

Linnaeus which they almost certainly eat

(Brower & Brower, personal observations, sum-

mer, 1963).

(D). Mechanisms for Preventing Autotoxicity

In order for herbivores to utilize the plant

poisons in their own defense, they must have

mechanisms to prevent themselves from being

poisoned, as is indeed implied by their very

ability to feed upon the plants containing these

substances. A large body of biochemical evi-

dence has shown that both vertebrates and in-

vertebrates are able to transform poisonous

molecules into non-poisonous ones either when
taken orally or injected. Detoxification more

often than not results in increasing the size of

the molecule rather than in breaking it down,

and the products can be accumulated in a harm-

less form in the tissues of the animals, as well

as excreted or defecated (Smith, 1955; Brodie,

1956; Gilmour, 1961).

If the defense were simply by accumulation

in the gut (method 1 above), no metabolic re-

working of the poisons would be required, pro-

vided that the insect itself were resistant to the

chemical. In this instance the plant poison would

be transferred directly to the predator. On the

other hand, modern findings in the field of de-

toxification biochemistry as discussed by

Williams (1959) make it more likely that the

substance would be built into a harmless com-

pound in the gut, but would break down again

when ingested by a predator. Similarly detoxified
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compounds could be distributed throughout the

body tissue or hemolymph (method 2), or con-

centrated in glands (method 3) and again break

down to yield the active poisons when eaten by

the predator.

The recent study of Remold (1963) is of

interest in showing how autotoxicity is avoided

by mechanical means in the pentatomid bug

Carpocoris purpureipennis, which secretes a de-

fensive aldehyde in specialized glands. When
sprayed by the bug on ants or other insects, this

substance immediately flows over their cuticular

surface and acts as a contact poison, causing

paralysis. Moreover, it also repels them from a

distance. Puncturing the reservoir of an indiv-

idual bug resulted in releasing the secretion into

its hemolymph, which caused immediate paral-

ysis, as did allowing it to flow over the surface

of the bug’s body after abrading the cement
layer. Thus these bugs’ own chemical defense

system is highly poisonous, but is kept harmless

by storage in the reservoir gland, and by im-

permeability of their intact cuticle. Moreover,

entrance of the substance into their own tracheae

is prevented by specialized mushroom-shaped
cuticular structures near their spiracles, which
greatly increase the evaporative surface.

Another instance where a defensive secretion

of an insect has been proven autotoxic is in the

case of the cockroach, Eurycotis floridana, men-
tioned above (Roth, Niegisch & Stahl, 1956).

Similarly, Waterhouse, Forss & Hackman
(1961) showed that the coreid stink-bug, Rhoe-

cocoris, dies if the insects are crowded together

without ventilation. In addition, some insects

synthesize toxic substances de novo which they

store in a harmless form through conjugation

with glucose to form beta-glucosides (Brunet,

1963a, b; Brunet & Kent, 1955) . Other examples

of autotoxic secretions are given by Pavan

(1959), Crescitelli & Geissman (1962) and
Roth & Eisner (1962).

It is important to realize that some species of

phytophagous insects which feed upon poison-

ous plants are cryptic and for this reason have

been assumed to be palatable (Sevastopulo,

1952). It is possible that some of these are

adapted to destroy, excrete, defecate or convert

the poisons into permanently detoxified com-
pounds rather than secondarily utilizing them
to build up their own chemical defense systems.

Others may still be in the process of evolving

unpalatability as discussed in Section III-D-5,

and may not yet have evolved a warning color-

ation. However, some species, such as the larvae

of the moth Mania ( = Phalaena ) typica Lin-

naeus, are both extremely unpalatable and high-

ly cryptic (Poulton, 1887; Eltringham, 1909).

Consequently, cryptic coloration should not al-

ways be interpreted to indicate palatability any

more than conspicuous coloration always implies

the reverse, as for example, in Batesian mimics,

or in species such as the moth, Rhododipsa

masoni J. B. Smith, which, though yellow and

scarlet, inhabits similarly colored flowers and

is therefore in fact cryptic (Brower & Brower,

1956).

Finally it is of great interest that insects differ

basically from vertebrates, but are similar to

plants, in the way in which they detoxify certain

natural products by conjugation with sugar or

sugar derivatives: vertebrates form glucuronic

acids or glucuronides, while insects and plants

form glycosides (Williams, 1959; Pridham,

1960). This suggests that the biochemical ma-
chinery of the insects is closely adapted to that

of plants and in our opinion increases the likeli-

hood that the insects can utilize the poisons from
the plants rather than having to produce them
by de novo synthesis.

(E) The Alternative of de novo Synthesis

of the Defensive Poisons

Roth & Eisner (1962) have suggested that the

defensive secretions of most arthropods are

probably produced metabolic ally, that is to say,

through de novo synthesis. For example, the

quinones are widely used in defense, and as

Brunet (1963a, b) has shown, these most often

seem to be synthesized from the amino acids

tyrosine and phenylalanine. The production of

hydrocyanic acid in zygaenid moths may also

be metabolic, instead of derived from the plant

as discussed above. Even when fed upon strains

of plants in which the cyanogenic glycoside has

not been detected, the moths still produced it

when their tissues were crushed (D. A. Jones,

et al., 1962). It seems to us that more work is

needed on this problem, for the reason that the

glycoside may occur in the plant in such a low

concentration as to be difficult to detect, and

yet be concentrated by the insects. A similar

criticism can be directed towards another ele-

gant investigation. In attempting to shed, light

on the biochemical origin of aldehydes in the

Hemiptera, Gordon, Waterhouse & Gilby

(1963) injected green vegetable bugs, Nezara

viridula (Fabr.) (Pentatomidae), with radio-

active sodium acetate. The purpose of the ex-

periment was to find out whether or not the

species could utilize the acetate molecule as a

building unit in the synthesis of the aldehydes

and thus prove that the repellent substance need

not be concentrated from the plants. The results

indicated beyond doubt that the radioactive car-

bon ended up in the bugs’ repellent secretion.

However, the experiment by-passed the digestive
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system and does not disprove that the bugs may
be able to incorporate the aldehydes from the

plants they eat.

Although the idea of de novo synthesis, orig-

inally put forward by Meldola (1877), is of un-

doubted importance, we suspect that further re-

search will establish that the poisonous mole-

cules in the plants are more often utilized by the

insects in biochemical defense than is at present

thought to be the case. This prediction is made
more plausible when one considers that caro-

tenoids are synthesised only by plants, yet are

often in the integumental coloring of insects

(Cromartie, 1959; Fox & Vevers, 1960) and
form the biochemical basis of the visual systems

of both vertebrates and invertebrates (Gilmour,

1961; Prosser & Brown, 1961).

V. Conclusion

While correlation does not prove causation,

we believe that the facts, as presented in this

paper, make a casual relation almost certain, i.e.,

the adult butterflies of five major taxa are un-

palatable to vertebrate predators because their

larvae are able to incorporate into their own
tissues the unpalatable and poisonous molecules

produced by the plants.

One approach to obtaining proof of this rela-

tionship would be to offer to vertebrate predators

the adults of a polyphagous butterfly species

whose larvae had been fed either poisonous or

non-poisonous foodplants. Analyses could then

be undertaken if a significant difference were
found between the two groups. A species which

appears to be particularly suitable is Euptoieta

claudia Cramer, a member of the tribe Argynnini

near the nymphalid stem, which on the one hand
has given rise to the palatable nymphalines and

on the other to the unpalatable heliconiines. This

butterfly is reported to feed on plants from a

number of families, including the Violaceae

which are the main food of the palatable ar-

gynnids, and the Passifloraceae, the foodplants

of the heliconiines and acraeids. Indeed, Hasse

(1896) suggested that the most primitive heli-

coniine genera have become unpalatable by

changing their food from related families such

as Violaceae to the Passifloraceae. A second ap-

proach would be to induce a known unpalatable

species to eat a non-poisonous foodplant and de-

termine if it then becomes palatable. For ex-

ample, the milkweed bug, Onchopeltus fasciatus,

can be fed a variety of edible seeds including raw
peanuts (Frings & Peissner, 1952). Alterna-

tively, synthetic diets could be used (see House,

1961).

With the analytical tools now available in bi-

ology, including chromatography and labelling

with radioactive substances, the study of the

transfer of chemical molecules from the plant

through the herbivore has become an exciting

prospect. It will be a fitting reward to the efforts

of naturalists over the past hundred years if

these new methods prove their speculations

correct.

VI. Summary

1. Representative species from four of the five

major groups of butterflies (Troidini, Heli-

coniinae, Danainae and Ithomiinae) classically

held to be unpalatable to vertebrate predators

were quantitatively demonstrated to be unac-

ceptable to five experimental Blue Jays, Cyano-

citta cristata bromia, and those from two other

groups (Satyrinae and Nymphalinae) held to be

palatable proved to be so.

2. The foodplants of the distasteful groups of

butterflies belong, respectively, to the families

Aristolochiaceae, Passifloraceae, Asclepiadaceae

and Solanaceae. These are all characterized by

their contained poisonous substances and con-

trast with the foodplants of the edible groups of

butterflies which in general are not poisonous.

3. A large body of correlative evidence is pre-

sented in support of the theory that plants which

contain substances repellent or toxic to herbivor-

ous vertebrates and invertebrates impart to spe-

cific phytophagous insects their poisonous mole-

cules which these insects in turn utilize in their

own defense against vertebrate predators.

4. It is thus thought that the specific chemical

substances which cause adult butterflies to be un-

palatable are derived from the poisons in the

larval foodplants rather than synthesized de novo

by the insects.

5. The experiment established that compara-

tive palatability of species ranks with morphol-

ogy in assessing phylogenetic relationships.

6. The Blue Jays treated both the very palat-

able and the very unpalatable species uniformly,

whereas individual birds tended either to eat or

reject those of intermediate palatability. This

variable treatment of the intermediate species is

interpreted as a threshold phenomenon and may
explain why certain Mullerian mimics are poly-

morphic.

7. The evolution and maintenance of unpalat-

ability, which is of advantage in reducing preda-

tion, is considered to be physiologically detri-

mental. Consequently, in certain species of large

Mullerian associations, the balance of advan-

tage for unpalatability could be decreased to an

extent that selection would favor a reversal from
a Mullerian towards a Batesian status.
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